Background: Congenital myasthenic syndromes (CMS) are a group of inherited neuromuscular transmission disorders causing fatiguable muscle weakness. ADRB2 agonists have been observed to provide therapeutic benefit where destabilisation of NMJ structures is part of the underlying pathology, such as in DOK7, COLQ and MuSK CMS as well as in slow channel syndrome. However, very little is known about the molecular mechanisms underlying the effects of ADRB2 agonists in CMS. Objective: In vitro investigation into whether an ADRB2 agonist affects the AChR clustering pathway and has the potential to increase the number and stability of AChR clusters. Methods: Cultured C2C12 mouse myotubes overexpressing the common DOK7 frameshift mutation c.1124 1127dupTGCC were incubated with salbutamol sulphate and the effect on AChR cluster numbers were investigated. Moreover, agrin-induced AChR clusters in C2C12 WT cells were left to disperse after agrin-wash-off, and the effects of incubation with salbutamol sulphate on AChR cluster numbers were explored. Results: Salbutamol sulphate induced a significant increase in the number of AChR clusters formed on C2C12 cells overexpressing c.1124 1127dupTGCC. Furthermore, significantly more clusters remained in C2C12 WT myotubes incubated with salbutamol sulphate following agrin wash-off.
INTRODUCTION
Congenital myasthenic syndrome (CMS) is a group of inherited neuromuscular transmission disorders leading to symptoms of muscle weakness [1] . CMS is caused by mutations in genes that affect pro- [1, 3] . CMS is a very heterogeneous group of disorders, with at least 29 affected genes identified [4, 5] . In about 20% of UK CMS cases, patients have mutations in the gene DOK7 and develop a characteristic limb-girdle pattern of weakness [3, 6] . DOK7, expressed in skeletal muscle, was discovered in 2006 as a key molecule involved in the development and maintenance of the neuromuscular junction [7] . Dimeric DOK7 binds to the juxtamembrane region of muscle specific kinase (MuSK), promotes transautophosphorylation and, together with signalling of the nerve-derived protein agrin, activation of MuSK [8] . Subsequent downstream kinase activity of MuSK promotes the formation of a dense array of clustered acetylcholine receptors (AChR) on the postsynaptic membrane beneath the nerve terminal which is required for efficient neurotransmission [9] . Muscle biopsies from DOK7 patients revealed small simplified neuromuscular junctions (NMJ) [6, [10] [11] [12] . Postsynaptic junctional folds were often degenerated, and the length of the postsynaptic membrane was significantly reduced. Furthermore, absence or degeneration of nerve terminals was common. Overexpression of mutant DOK7 in cultured C2C12 mouse muscle cells, such as the commonly identified frameshift mutation c.1124 1127dupTGCC, caused a significant reduction in the number of AChR clusters [6] .
The choice of treatment for CMS depends on the pathology underlying the disease, and drugs which reduce fatigable weakness in some CMS subtypes may be harmful in others. Neurotransmission enhancing acetylcholinesterase inhibitors, in some cases given in combination with 3,4-diaminopyridine, were, before the advent of modern molecular genetics, first line treatment for CMS other than acetylcholinesterase deficiency caused by mutations in COLQ [13] . While cholinesterase inhibitors are beneficial in many types of CMS such as fast channel syndrome, rapsyn CMS and AChR deficiency mutations [4] , they had no effect or caused worsening of symptoms in DOK7 CMS [6] .
Instead, a marked response to ephedrine and salbutamol which stimulate the beta-2 adrenergic receptor (ADRB2) system was noticed [6, 10, 14, 15] . This observation sparked a revival of ADRB2 agonists as treatment for neuromuscular disorders, and for many patients a combinatorial treatment approach is now chosen.
Despite the well-documented effects of ADRB2 agonists in CMS, very little is known about how ADRB2 activation affects NMJ functioning. The aim of this paper is to shed light on the molecular mechanisms underlying the dramatic effects of ADRB2 agonists in DOK7 CMS. It was hypothesised that the ADRB2 cAMP/PKA-signalling cascades directly affect proteins located at the NMJ.
ADRB2 agonists appear to provide benefit where destabilisation of NMJ structures is part of the underlying pathology, such as in DOK7, COLQ, MuSK, LRP4 CMS as well as in one reported case of slow channel syndrome [4] . Here, the effects of an ADRB2 agonist on the number and stability of AChR clusters were investigated in cultured C2C12 mouse muscle cells.
MATERIALS AND METHODS

Cell culture
C2C12 myoblasts and Phoenix-ECO cells were purchased from ATCC, HEK293T cells were purchased from ECACC. Cells were passaged using 0.5% Trypsin-EDTA (Invitrogen), diluted 1:10 in PBS, and cultured in growth medium at 37 • C and 5.5% CO 2 .
Production of agrin
Neural agrin was produced by transfection of HEK293T cells with plasmid DNA containing soluble short rat agrin (plasmid kindly donated by the late Dr. Werner Hoch). This truncated form of agrin contains the truncated C-terminus of agrin with a 12 amino acid insert at the x-splice site, a four amino acid insert at the y-splice site and an eight amino acid insert at the z-splice site, and has been shown to be sufficient to induce AChR clustering in C2C12 cells [16] . HEK293T cells were seeded at 2 × 10 6 cells in a T75 flask in HEK cell growth medium (DMEM (SigmaAldrich), supplemented with 10% FCS (Gibco) and 1% PSA (100x Antibiotic-Antimycotic, Gibco)). The following day, cells were transfected with 18 g plasmid DNA, using polyethyleneimine and 20% glucose. The following morning, the transfection solution was replaced with 7 ml HEK cell growth medium, and cells were left for incubation for further two days. The conditioned medium containing agrin was centrifuged at 1200 g for 10 min at room temperature, aliquoted and frozen at -20 • C. A fresh aliquot was used for each experiment and thawed shortly before use. To determine a suitable agrin concentration for AChR cluster induction, a titration experiment was conducted for each batch of agrin.
Production of retrovirus and retroviral infection
DOK7-encoding cDNA was cloned into the retroviral expression vector pBabe puro EGFP and transfected into Phoenix-ECO cells. Phoenix-ECO cells were seeded at 2 × 10 6 in T25 tissue culture flasks in DMEM, supplemented with 10% FCS and 1% PSA. The following day, cells were transfected with 12 g DNA using polyethyleneimine. Cells were transferred to a T75 flask the following day and incubated in 7 ml of growth medium for another two days. The conditioned medium containing retrovirus was harvested and centrifuged for 10 min at 1200 g at room temperature to remove cell debris. 1 ml aliquots were stored at -80 • C and thawed shortly before each infection. Equipment used for handling retrovirus or for cells recently infected with retrovirus was decontaminated with Distel Laboratory Disinfectant (Tristel) for at least 15 min before disposal. C2C12 myoblasts were seeded at 3 × 10 5 in T25 tissue culture flasks and infected with 1 ml retrovirus and 1l of polybrene (8g/ml, Sigma-Aldrich) the following night. The next day, cells were reseeded in a T75 or T175 flask depending on the density and left to grow in growth medium for one day. To select for infected cells, the medium was then supplemented with 1g/ml puromycin dihydrochloride (Sigma-Aldrich), and cells were kept under selection during further passaging.
AChR clustering assay
C2C12 myoblasts were seeded at a concentration of 6 × 10 4 − 10 5 in 24-well plates. Cells were left to grow for 48 hours in DMEM, supplemented with 15% FCS and with 1% PSA to reach 100% confluency. Differentiation of myoblasts into myotubes was induced by growth factor depletion. Cells were cultured in differentiation medium (DMEM supplemented with 2% FCS and with 1% PSA) for 5-10 days until myotubes formed.
C2C12 cells overexpressing DOK7 form AChR clusters in the absence of agrin [7] . To induce clustering of AChRs in C2C12 WT cells, myotubes were incubated with soluble short rat agrin for 16 h. Cells were washed three times for 5 min in differentiation medium to remove agrin.
AChR clusters were visualised by incubation of myotubes with Alexa Fluor-594 conjugated alpha-bungarotoxin (Invitrogen), diluted 1:500 in differentiation medium, for 1 h at 37 • C. Cells were washed three times for 5 min in the dark with differentiation medium and fixed in differentiation medium, supplemented with 3% paraformaldehyde (TAAB) for 20 min at room temperature in the dark. The fixing solution was removed and the cells were stored in PBS (1 ml/24 well) at 4 • C.
Images of myotubes were acquired using an Olympus IX71 fluorescence microscope at 20x magnification, using Simple PCI software (purchased from Digital Pixel). At least 20 microscopic fields per experimental condition were selected in the bright field to ensure the presence of AChR myotubes without selecting for areas with AChR clusters. Images in the red fluorescence channel were acquired and analysed manually using the software Volocity (Improvision). Only clusters longer than 3 m (or 5 m for AChR dispersion experiments) were included in the statistical analysis.
Application of treatment solutions, microscopy and image analysis were carried out blinded.
Western blot analysis
C2C12 myoblasts were seeded onto 6-well plates at a density of 4 × 10 5 cells/well. Cells were differentiated into myotubes which were lysed with 200l lysis buffer/well, supplemented with 1:100 protease inhibitor cocktail, for 15 mins under agitation at 4 • C. Cells were scraped off the plates and centrifuged for 12 min at 12000 g at 4 • C. Protein concentration was determined using a Pierce BCA Protein Assay Kit. 8g protein was mixed with 4x NuPAGE LDS sample buffer and 10x NuPAGE sample reducing buffer. Samples were incubated at 95 • C for 5 min prior to SDS-PAGE. Proteins were transferred to nitrocellulose and probed with anti-DOK7 antibody H-284 (Santa Cruz) 1:500 and secondary antibody HRPconjugated anti-rabbit (Dako) 1:1000, followed by detection using ECL reagent (GE Healthcare).
Statistical analysis of the number of AChR clusters
A significance level of 0.05 was selected for all statistical analyses.
Differences in the number of AChR clusters were statistically analysed, using the Software RStudio for Windows (RStudio, Inc., version 0.98.1074).
In the analysis of cluster numbers, the response data are counts with no fixed maximum which can be modelled using a Poisson distribution [17] . A widely used method for the analysis of count data is fitting a generalised mixed effects model (GLMM), which combines the properties of two regression models [18] . As a type of generalised linear model, the GLMM "generalises" ordinary linear regression by allowing the response variable to be other than normally distributed. Secondly, as a type of mixed effect model, the GLMM incorporates both fixed and random effects. The application of an ADRB2 agonist at different concentrations or the expression of a particular DOK7 mutation is the explanatory variable of interest and can be interpreted as a fixed effect. Since experimental results are pooled from at least three experiments and variation between cultured cell samples is common, this variation based on performing separate experiments is incorporated in the model as a random effect. Thus, a Poisson generalised mixed effects model was fitted, with cluster counts as the response variable, drug concentration as a fixed effect coded as a categorical variable, and with experiment as a random intercept (R package MASS, function glmmPQL). Differences between mean cluster counts were tested for significance by performing Wald t-tests (Bonferroni-corrected). The number of clusters in 20 microscopic fields was counted, and the mean number per microscopic field was calculated. This was repeated N number of times as stated in the respective figure legend. The difference in the mean AChR cluster count between untreated and treated cells was determined for each drug concentration and tested for significance. Of note, when Poisson regression models are fitted for the analysis of count data, the Poisson mean representing an expected count has to be positive in value. Therefore, the logarithm of the mean count is modelled, and the results of the significance test are on a log scale accordingly (logarithm to the base e). For straight forward interpretation of the results, the data were unlogged and the "raw" cluster numbers were visualised in a separate bar chart.
RESULTS
The common DOK7 frameshift duplication mutation c.1124 27dupTGCC causes a significant decrease in the number of AChR clusters when overexpressed in C2C12 cells compared to cells overexpressing WT DOK7 [6] . A cell line overexpressing c.1124 27dupTGCC was therefore considered to provide a suitable in vitro model of DOK7 CMS, which could then be utilised to investigate the effects of ADRB2 agonists on the AChR clustering pathway.
To establish this model for DOK7 CMS the pBabe/puro retroviral expression system was used which ensures nearly 100% infection efficiency and allows for the generation of stable cell lines [19] . Retrovirus was produced by transfection of Phoenix-ECO cells with plasmid DNA containing c.1124 27dupTGCC. The plasmids were generated by cloning of human DOK7-encoding cDNA into pBabe puro EGFP, which has an internal ribosomal entry site upstream of enhanced green fluorescent protein (EGFP) such that DOK7 and EGFP are expressed as two separate proteins [20] . C2C12 myoblasts were infected with retrovirus, and the puromycin-resistance gene in the pBabe-vector allowed for selection of cells. The resulting stable cell line is henceforth referred to as C2C12 D OK7 c.1124 27dupTGCC . A stable C2C12 line expressing wild type DOK7, referred to as C2C12 DOK7 WT was also generated. To demonstrate over-expression of wild type and mutant DOK7 in both of these cell lines, the myoblasts were differentiated into myotubes and cell lysates were analysed by western blot. DOK7 was robustly expressed in both cell lines compared with C2C12 myotubes which had been infected with control retrovirus expressing EGFP (Fig. 1A) C2C12 D OK7 c.1124 27dupTGCC myoblasts were differentiated into myotubes by serum starvation and treated for 22 hours with 0, 0.01, 0.1, 1, 5, 10 or 50 M of salbutamol sulphate. Salbutamol sulphate, either added at the initiation of differentiation or when myotubes had formed did not affect either myotube number or diameter. AChR clusters formed on the myotubes were visualised with Alexa Fluor-594 conjugated bungarotoxin. The difference in the mean AChR cluster count between untreated (0 M) and treated cells was determined for each drug concentration and tested for significance. A significant dose-dependent increase in the number of clusters was observed (Fig. 1) . 0.01 and 0.1M salbutamol sulphate caused a similar increase in AChR clustering (p = 0.001 and p = 0.00002, respectively). 1 and 5M caused a further increase in clustering (p < 0.00005 and p < 0.00005, respectively), whereas a less marked increase in the treatment response was found at 10M (p < 0.00005). The largest increase in AChR clustering was obtained after incubation with 50M salbutamol sulphate (increase of 99%, p < 0.00005). Baseline levels of AChR cluster numbers in the absence of treatment can vary considerably between stable cell lines, i.e. between retroviral infections (between 5 and 15 clusters per field). Variation also often occurs between experiments on cells from the same batch, and this is likely to be the cause of the less marked increase in cluster number for the 10M salbutamol sulphate incubation. Therefore, the experiment was repeated, using both different batches of cells and virus. We also carried out experiments to determine levels of cell-surface AChR expression following incubation with salbutamol and saw no difference AChR cell-surface expression levels between wild type C2C12 cells, C2C12 cells expressing wild type or mutant DOK7 or in addition in the human muscle cell line TE671.
These experiments indicate that ADRB2 agonists have an effect on DOK7-mediated AChR clusters. The observed increase in the number of AChR clusters might be due to a stabilising effect of ADRB2 agonists on forming clusters. To explore this hypothesis in more detail, experiments on the stability of AChR clusters were conducted by studying the effects of salbutamol on dispersing clusters. C2C12 WT myotubes, where cluster formation can be induced by agrin, provides a suitable model for such experiments. Clusters induced by incubation with the soluble short C-terminal region of agrin are known to disperse following the removal of agrin. Accordingly, a reduction in cluster numbers over time was expected. A time course experiment was performed in which clusters were induced with 1:500 dilution of soluble short rat agrin for 16 h. Agrin was removed, and the cells were washed three times in differentiation medium. The cells were then left in differentiation medium for 6, 12 or 22 h, and the number of clusters were compared to cells fixed and stained directly after 16 h of agrin treatment ('0h'). The results confirmed significant dispersal of AChR clusters in a timedependent manner (6h: p = 0.02, 12h: p = 0.001, and 22h: p < 0.00005) (Fig. 2) . After 22 h, only very few clusters remained and images of myotubes resembled those from the 'no agrin' control condition.
To investigate whether salbutamol has an effect on dispersing clusters, cells were incubated with 0, 1, 10 or 50 M salbutamol sulphate after agrin wash-off and left in the respective treatment solution for 6, 12 or 22 h. For each treatment duration, the cluster number for salbutamol treated cells was compared to the number for untreated cells ('0 M').
The results show that 6 h after agrin-wash off, significantly more clusters remained on myotubes incubated with salbutamol (p = 0.03, p = 0.0006, and p = 0.02, respectively; no agrin control: p < 0.00005) (Fig. 3) . Salbutamol had a similar effect on clusters 12 h after agrin wash-off (p > 0.99, p < 0.00005, and p = 0.98, respectively; no agrin control: p < 0.00005) and 22 h after agrin wash-off (p > 0.99, p < 0.00005, and p = 0.98, respectively; no agrin control: p < 0.00005). The most likely explanation for these results is that ADRB2 agonists increase the stability of AChR clusters.
To confirm that this effect is mediated through ADRB2 signalling, the experiment was repeated in the presence of the ADRB2 inhibitor ICI-118,551 (Enzo Life Sciences, Inc.). AChR clusters were induced by incubation of C2C12 WT myotubes with soluble agrin overnight and left to disperse for 6, 12 or 22 h. For each treatment duration, the number of AChR clusters for salbutamol-treated cells was compared to the cluster number for untreated cells ('0 M'). In the presence of 1M ICI-118,551, salbutamol sulphate (1, 10 (Fig. 4) .
DISCUSSION
As opposed to gene therapy approaches which aim at curing genetic diseases and may find application in the more distant future, drug delivery systems can provide life-changing symptomatic treatment for patients. In order to be able to tailor effective drug treatment for an inherited condition it is of great importance to understand the molecular mechanisms that underlie the disease and the effects a compound has on the disease pathology. Despite some striking recent advances, CMS remains one of few genetic diseases of muscle for which effective drug therapy is available. This is largely due to the detailed understanding of the functioning of the NMJ and the effects of mutations that cause its dysfunction.
The current study aimed at investigating ADRB2 agonists as therapy for disorders of neurotransmission. The effects of the ADRB2 agonist salbutamol on AChR clustering were explored in C2C12 cultures. By studying AChR clusters that form 'postsynaptically' on C2C12 cultures, one can mimic some of the key events that take place at the neuromuscular synapse. Under physiological conditions, AChR clusters form on the muscle as a result of a complex signalling cascade, in which agrin, MuSK and DOK7 are key molecules. In vitro, the presynaptic side and extracellular matrix components of the synaptic cleft are missing, and the complex crosstalk beween the pre-and post synaptic sides of the synapse, which is crucial for synaptic integrity cannot take place. Moreover, the structures formed around the AChR clusters on the myotubes lack the complexity of a fully matured synapse, and the C2C12 model system for study does not allow for the very long term application of salbutamol. Nevertheless, AChR cluster formation in C2C12 myotubes has proved an effective model over many years for the study of postsynaptic signalling events.
Our results provide tangible evidence that ADRB2 agonists directly affect proteins located at the postsynaptic side of the NMJ. It was shown that salbutamol significantly increases the number of clusters that form on C2C12 myotubes overexpressing mutant DOK7. Salbutamol appears to be beneficial to neuromuscular disorders characterised by disruption of the endplate structure, such as MUSK/DOK7/COLQ CMS or even MuSK antibody positive myasthenia gravis. Salbutamol sulphate taken in oral tablets at 4-8 mg once or twice daily may reach serum concentrations around 100 ng/ml (∼0.5 M) with a relatively short half-life of a few hours [21] although this will vary between individuals. Therefore, experiments were performed to explore whether salbutamol has a stabilising effect on the postsynaptic structure. The results are in line with the model proposed by Joshua Sanes and colleagues, suggesting that synaptic maturation and maintenance is regulated by positive and negative nerve-derived signals [22] (Fig. 5) . Numerous studies have demonstrated a destabilising effect of ACh, which appears to be counteracted by agrin signalling. In line with the results presented by Lin et al. (2005) [23] , it could be shown that agrin-induced AChR clusters disperse in a timedependent manner if agrin is removed. However, in the presence of salbutamol significantly more clusters remained. In additional experiments (data not shown) salbutamol did not induce the formation of clusters in the absence of agrin. Therefore, induction of as yet unidentified subsynaptic pathways by the ADRB2 agonists act as a positive signal to maintain stability of AChR clusters on the membrane. A stabilising effect of salbutamol on motor endplate structures could also underlie the beneficial effects of ADRB2-treatment observed in patients with severe AChR deficiency due to mutations in CHRNE [24] . In these patients, the initial beneficial response to cholinesterase inhibitors is not always maintained with its longer-term use, which may be caused by a destabilising effect of enhanced ACh signalling on the postsynaptic muscle membrane. It was demonstrated that the addition of salbutamol or ephedrine to chronic treatment with pyridostygmine caused a robust improvement in the treatment response [24] .
The results on the effects of ADRB2 agonists on AChR clustering are in line with recent finding on the effects of salbutamol in a mouse model of MuSK MG [25] . Daily injections of mice with IgG from anti-MuSK positive patients for a duration of two weeks induced whole-body muscle weakness. Sections of the diaphragm muscles showed a reduction in the number of AChR-stained endplates per microscopic field, and endplates were fragmented into small AChR clusters. Mice treated with salbutamol during the injection period were significantly stronger and showed less fragmentation of AChR clusters. Alternative studies suggest that there is sympathetic innovation in the vicinity of the neuromuscular junction that contributes towards maintenance of synaptic structures and that ADRB2 agonists could be working through this system [26] .
We saw no effect of salbutamol on MuSK tyrosine phosphorylation in cells overexpressing WT or mutant DOK7, or on phosphorylation of the AChR ␤ subunit (data not shown). This suggests that salbutamol is exerting its effects downstream from the AGRN-LRP4-MUSK-DOK7 complex and is unlikely to be acting directly on this pathway. A potential underlying mechanism could be that ADRB2 agonists are affecting the synaptic structure via the downstream cAMP-dependent protein kinase (PKA) type I signalling pathway. In response to adrenergic signalling, PKA activates the protooncogene tyrosine kinase SRC [27] . Src-family kinases play a role in the stabilisation of AChR clusters and transfection of mice soleus muscle with kinase-inactive Src constructs resulted in endplate fragmentation, characterised by the disassembly of AChR pretzels and disturbed topology of nerve terminals and synaptic nuclei [28] . Agrin-induced AChR clusters formed on myotubes from Scr and Fyn double mutant mice dispersed more quickly than clusters from control cells when agrin was remove [29] .
Another potential mechanism could be a direct interaction of ADRB2-mediated PKA signalling with rapsyn. Recent studies suggested that AChR localisation and recycling is regulated by a complex of AChR, myosin Va and PKA type I [30] . It has been suggested that myosin-Va captures the recycling carriers for AChRs near the membrane and regulates the activation of PKA by capturing PKA and AChRs in a microdomain of subsynaptic cAMP [31] . Rapsyn may be responsible for accumulating PKA in proximity to the NMJ [32] . Alternatively, although we see no effect on AChR expression, cAMP signalling in response to ADRB2 activation could have an effect on transcription of other synaptic components at the NMJ. Some genes coding for proteins expressed at the NMJ, such as MuSK, possess a cAMP response element (CRE)-like element in the promotor, and their expression is regulated by cAMP [33] . Thus there are many different sub-synaptic pathways that could be affected by ADRB2 signaling. In CMS patients with mutations in DOK7 restoring impaired synaptic function through treatment with salbutamol or ephedrine is a gradual process that can take many months, and this would be in accordance with the lack of an immediate direct input into signaling from AGRN-LRP4-MUSK-DOK7 but rather on other factors that contribute to synaptic stability. In turn, the relatively modest immediate affect we see in increasing numbers of clusters for mutant DOK7 as opposed to the increase in cluster numbers that would be required to restore function to the levels obtained for wild type DOK7 suggest a gradual but sustained effect on the postsynaptic environment.
Our findings here show that ADRB2 agonists do affect the postsynaptic AChR clustering in vitro. Further research is required to decipher the precise mechanisms underlying the effects on AChR cluster formation and stability which is likely to involve the complex interaction with kinase pathways involved in AChR aggregation. The AChR clustering experiments conducted here should provide a useful framework for future studies
